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velocity in the copper measured.

measurement.

INTRODUCTION

A principal purpose of our study was to
determine the equation of state (E0S) of HMX and
TATB based explosives at pressures well above
the Chapman-Jouguet (C-J) pressure.

We have made measurements of the shock
velocity for the explosives LX-07, LX-17, PBX-
9u0Y, and RX-26-AF, at input pressures of 30 to
110 GPa u?igg our two-stage light gas gun
facility. 1 Our data on PBX-9404 agrees with
the previous work of Kineke and West 2 allowing
for the larger uncertainty in their experimental
measurements. In analyzing our results we have
found that equations of state that have been
derived for the reaction products of these
explosives at pressures equal to and less than
detonation pressure do not adequately predict
measurements for pressures substantially greater
than detonation pressure. At present, 1t
appears that the C-J theory may have to be
modified somewhat in order to fit all of the
data, but this has not yet been proven. There
is some indication from our work that the supra-
compressive experiments define a different C-J
3tate than that defined by ordinary self-
supporting detonations.

EXPERIMENTAL

The supra-compression experiments that are
being reported were conducted at LLNL on the
two-stage %ight gas gun using ultrafast pin
techniques to monitor the progress of shock
waves. Typical experiments consisted of an

Shock velocity vs. input pressure in the range of 32 to 112 GPa has been
measured for LX-07, LX-17, PBX-9404, and RX-26-AF., The average shock
velocity for the first 2.8-mm of run was found to be within one percent
of that for the run from 2.0 to 4.8-mm.
PBX-9U404 were reflected to higher pressures by a copper barrier and the
They were alsc rarefied by a magnesium
barrier and the velocity in the magnesium measured. Equations of state
derived for the reaction products of these explosives and normalized to
accepted C-J pressures do not adequately predict measurements at
pressures substantially greater than detonation pressure, normalization
to lower than accepted C-J pressures is required to fit the data. The
C-J state defined by the supra-compressive experiments appears to be
different from the C-J state defined by the usuai C~J pressure
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Supra-compressive states of

impactor of either 1100 aluminum or tantalum
propelled by the two-stage gun, a buffer plate
of either 1100 aluminum or explosive from which
time zeros is taken, and the specimen of
explosive against the buffer plate through which
the shock velocity is timed. See Fig. 1.
Dimensicons were chosen such that the
measurements were unaffected by rarefactions.
The nominal composltions of the test explosives
are given in Table 1. Additional experiments
were performed with PBX-9404 where a supra-
compressive state was reflected to a much higher
pressur¢ by a copper barrier and the shock
velocity in the copper measured. In a similar
way, a =upra-compressive state of PBX-9U40U was
rarefied by unloading into a magnesium barrier
and the shock velocity in the magnesium
measured. See Fig. 2. For all experiments, the
impactor velocity was determined to better than
.1% using flash x-ray techniques. Densities of
test explosive, buffer plates, and impactors
were determined for the materials used in each
experiment. All parts were lapped, polished,
and carefully measured to minimize dimensional
errors, which could amount to about 2 um for
most. materials

*Work performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore
Nationa! Laboratory under contract No. W-T405-
ENG-U48.
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CALCULATIONS

The ignition and growth model(j) of the
reactive flows created during the shock
initiation and detonation wave propagation of
heterogeneous solid explosives has successfully
calculated a great deal of on?H_?g two-
iimensional experimental data In this
paper the model is applied to the supra-
compression data to determine if the effect of
the reaction zone is truly negligible, for HMX-
based explosive as had been assumed, and to
model the LX-17 data, for which the reaction
zone does have an effect. The parameters used
for PBX-9404 and LX-17 gre given in the recent
paper of Tarver et al. Very fine zoning
(100 zones per millimeter) is required Lo
accurately describe these small scale,
subnanosecond timing experiments. Reactive flow
calculations for PBX-9404 do indeed show that
the reaction zone effect is negligible in the
single and r=flected shock experiments shown in
fig. B, because these calculations agreed very
closely with C-J burn calculations. 1In the
rarefaction experiments shown in Fig. 9, the
reactlve flow calculations indicated that the
effect of the von Neumann spike decayed in the
magnesium plate to a negligible level in just
less than the one millimeter fthickness, at which
the magnesium shock velocity meiasurements were
negun, However, the calculated pressures in the
magnesium were always higher than measured,
Wwhich suggests that the calculations may not
have heen completely free of reaction zone
e“fects.

Previously reported._C-.J burn calculations(12)
which showed that a PC =34.0 GPa equation of
state provides a better fit to the supra-compr-
ession data than the usual P.., 37.0 GPa for PBX-
9404 have been verjified by ie¢tailed reactive
flow calculations. However, it has been
demonstrated that reactive flow calculations
using the PC = 37.0 GPa reaction products
equation of state for PBX-3404 accurately
calculate embedded gauge and metal acceleration
experiTgnB? on self-sustaining detonation
waves. ~'” ", Similar caleulations with a P =
34.0 GPa equation of state and the usual thin
reaction zone for PBX-GU0N greatly underestimate
the resulting pressures, particle veiocities,
and met, % acceleration properties., Tarver and
Urtiew'! demonstrated that the PC 37.0 GPa
equation of state accurately calculates the
self-sustaining, converging d?%ogation velocity
measurements of Cheret et al. 3 . Since the
PCJ = 34.0 GPa equation of state ylelds higher
shock velocifties and pressures than the FC
37.0 GPa equation of state, 1 2alculation of
Cheret et ai.'s data with the P = 34,0 GPa
equation of state predicts oonve%ging detonation
velocities that are much greater than the
experimental measurements, Therefore a dilemma
exists in that the PCJ = 37.0 GPa reaction
product equation of state accurately describes
cxperiments involving self-sustaining detonation
waves which are followed by Tay!nr wave

expansions, while the PCJ = <i.0 GPa equation of

ai.

state mat~hes the supra-compression data and
seems to agree more closely with thermo?xgﬁmic
chemicasl equilibrium code calculations,

The situation is even more complex for
TATB-like explosives which produce relatively
large amounts of carbon and whose reaction zone
lengths are on the order of millimeters thick.
Supra-compression experiments on such explosives
must be calculated with reactive flow models.
The LX-17 supra-compression experiments shown in
Fig. 4 were calculated us%ng the parameters
given bv Tarver et al. In the lowest
pressure experiment, the calculated higher
averige shock velocity in the 2-4 mm depth
agreed very closely with the experimental
observation. In the higher pressure
experiments, the reactive flow calculations
yield constant average shock velocities with run
distance, although the shape of the reaction
Zone changes s%%gptly during each calculation.
Both the cited” - PCJ = 30.0 GPa and also a
nighly modified JWL reaction product equation of
state With Peg = 27.5 GPa and D = 7.64 km/s
yield 2alculated supra-compressive shock
velocities that are lower than the experimental
values at the higher pressures. A lower PC
value (725.GPal) i1llows a much better match
between calaulations and supra-compressive
eyxperiment s {(hiut not with PCJ measurements) .

EXPERIMENTAL, RESULTS

he single-shock supra-compressive

experiments on LX-07, LX-17, PBX-9404, and RX-
26-AF are represented schematically in Fig. 1
and summarized in Table 2 and in Figs. 3 through
7 Curves fror tha bes?‘%yL equations of state
from cylinder test data normalized to
accepted C-J pressures are shown in the same
figures. According to Chapman/Jouguet theory,
the slopr of thke Hugoniot shock velocity vs.
particle velocity detonation product curve
should b rero at the C-J point, and the locus
of pressure vs, relative volume states should be
tangent 'o the Rayleigh line through the C-J
point at the C-J point. An examination of Figs.

tnrougt. 8 shows the difficulty. The supra-
compressive data does not appear to be
ronsistert with ©-J theory in that the Hugoniot
shock veloeity vs. particle velocity curves do
101 appesr Lo gu tc zero slope at the C-J points
and the locus of pressure vs. relative volume
states d¢ not appear to become tangent to the
Rayleigh lLines at the accepted C-J points for
wne explesives tested. The data does not prove

wnat -Jd ronditions can not be met as one
wproaches the -4 state from the overdriven
slde »ur it strongly suggests that this is the
'ase. P there wera a significant change in

5 lope of the shoew velocity vs. particle
veloe .ty ‘rurve very near to the C-J state, it
would not he detected by the present

trehn: que The error limits are simply too
carge Lo ermit resolution.

The —eflected-shoeck supra compressive
experimen = n FRY-UUON are summarized in Table
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3 and in Fig. 8. A suitable choice of
parameters would allow a reactive-flow
hydrodynamic calculation of both the single-
shock and reflected-shock experiments within
experimental error. However, the same
parameters do not accurately predict the initial
motion of a thin metal plate being accelerated
by a head on detonation of PBX-9404 in a metal
acceleration experiment, the metal moving faster
than predicted. The definition of C-J state
appears to be different for the supra-
compressive experiments.

The experiments on rarefaction of supra
compressive states of PBX-9U404 are summarized in
Table 3 and in Fig. 9., Differences between
equation of state assumptions (i.e., P = 34
GPa vs. P g =37 GPa) are too small to resolve
the questlion of which describes the data better.
The best value appears to lle between these two
pressures. The experimental values of pressure
are lower than calculated, probably due to
reaction zone effects in the calculation. The
error limits in both calculation and experiment
are such that an accurate determination of the
point of tangency to the Rayleigh line cannot be
made within the accuracy required to determine
the "C-J" pressure.

DISCUSSION

It can be reasonably postulated that the C-
J detonation pressure of LX-07, LX-17, PBX-9404,
and RX-26-AF as implied by supra compression
experiments really is lower than that measured
in the usual detonation pressure measurements.
The 34.0 GPa JWL calculation shown in Fig. 5 for
PBX-9404 illustrates that a calculation based on
a lower PCJ can be fit to the supra-compressive
data and have zero slope at the lower P.,. Such
fits based on, lQwer P can be made to the other
data as well. The question then becomes "why
is there a difference between PC as usually
measured and PCJ as defined in a supra-
compresaive experiment?" It 15 suggested that
this lower lower PC could occur if a relatively
slow reaction (for example, carbon condensation
or diffusion controlled equilibration of
reaction products from different components of
the explosive) followed a relatively fast
reaction. With the usual measurements, any
changes from a second, relatively slow reaction
during expansion of products from the more rapid
first reactions(s)) would be extremely difficult
to measure. Careful measurements can detect
only the end of the relatively fast
reactions(s)), which is taken to be the C-J
state. This state has most of the attributes of
the C-J state and for many purposes may be
assumed to be the C-J state., However, if the
postulate just made is true, it is not an
equilibrium state and hence, not a C-J state,
and would be subject to scale effects to some
degree.

Whether or not detonation velocity, for
example, would be measurably affected by slow

reactions in large charges is a matter of
conjecture. Careful pressure or partlicle
velocity vs. time measurements should be able to
detect the effects of any slow reactions in
large charges.

Supra compressive experiments on LX-17
offer an interesting contrast with the other
explosives tested. Because carbon is present in
the detonation products of LX-17 to a much
greater extent than in the products of PBX-9404,
if carbor condensation were the "slow" reaction
responsitle for the differences in apparent PCJ'
then LX-17 might be expected to show an even
larger difference between measured C-J
detonaticn pressure and that inferred from supra
compression experiments. Such appears to be the
case. It should be noted that this is true in
splte of the fact that the reaction zone as
usually measured is much longer for TATB-based
explosives than for HMX-based explosives, so
there is much more time for "slower" reactions
to take place, which should tend to offset
differences. A single equation of state of the
detonatinn products of LX-17 is not adequate to
describe expanded states, the C-J state, and
supra compression states when incorporated into
reactive I'low hydrodynamic calculations. TATB
and HMX-based systems appear similar in this
respect,

An accurate description of both expansion
and supra-compressive reaction product states
with a single equation of state may not be
possible 1if P, as normally measured is in fact
not an equilibrium state. A lack of equilibrium
would imply chemical differences between the C-J
states defined by the usual methods and that
inferred from supra-compressive experiments.

The dis:ontinuitie?13e?g %Q)derivative functions
near the C-J point v T as one moves from
expansinn atates to supra-compressive states
could be due ~o siuch chemical differences.

Experiments on PETN and other relatively
oxygen rich explosives where there is very
little carbon in the detonation products should
help resolve these questions arising from the
experiments on HMX and TATB-based explosives. A
reactive flow model consisting of a fast
exothermic reaction to one reaction product
equation of state followed by a slower one to a
lower -] pressure reaction product equation of
state had been proposed to explore the thermo-
dynami: and reaction time parameters involved in
this phenomenon. The current explanation
nenters on carbon condensation due to its
thermodynamic properties ??Ewthe chemical
equilibrium —alecilations. ‘

Table I. “ompositions of Test Explosives

Explosives Wt.% Composition

LX-07 90/10 HMX/Viton A
LX-17 92.5/7.5 TATB/Kel-F 800
PBX-940U 9u4/3/3 HMX/NC/CEP

RX-26- AF 45/48.5/6.5 TATB/HMX/Estane
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Table II. Conditlons oand Hesults of Single-Shock Supra-Compresaive Exparlments
Impactor Bulfer Plate R Targer
Experi- Veloclty Material Densﬁty Material Densjty Materlal Denaivy Shock Vel. Particle Vel. Pressure Hel. Vol. Run Measured
ment km/s g/cm &/cm Kkm/s 20 km/8120 GPa V/\lO mm
MG 8 4.7196 LLGG AL 2.712 L1100AL 2.71b Lx-07 1.50; SN 1020 w5 T2 -6967 0o 2.8
MG 24 4.892 1100 AL 2,797 Lk -07 1.848 Lx-07 180 2,796 4.007  46.4Y 6872 2 to 4.8
MG 9 4,961 1100 A1 2.7T14 1100 AL 2 Lx-07 1.86: 2410 1,009 ©0.80 6u37 0o 2.8
MG 10 7.5U4 1100 AL 2.715% 1100 a1 2 LX-07 1.8ud 467 1Lu3e +3.90 5771 0o 2.8
MG 29 3,508 1100 AL 2713 1100 A1 2.7CH 1X-17 1.y e ) to 2.0
LX-4 T 1. ' 2 to 4.0
MG 30 3.813 1100 AL 2.71% 1100 AL 2.711 LX-17 1.3 70 1. £OiS 32,61 LT1LU 0 to 2.0
Lx-17 1. N o £LE 35,57 NAYE) 2 to MU
MG 32 4,400 1100 AL e.fle LE-0T L899 Lx-17 1. H.00 1.0M 2,963 £.013  19.08 L6804 2 to u.0
LX-17 i 798 (.ch 2509 101 3891 6780 Woto 6.0
MG 36 4,436 1100 a1 2.7l2 LE1T L-904 1X-17 1. B0 1o 2,587 1.00T  §9.42 6766 2 to 4.8
MG 35 5. 355 1100 AL 2,712 B 1.903 Lx-17 1. HoNE Lok 136 301 50,34 6286 2oL by
MG 31 5.612 1100 AL 2.713 1100 AL 2.705 LX-17 1 500 1k i n3.712 .6181 0 ta 4.0
MG 13 4164 L1o0 AL 2,714 PEX-9404 L. BuL PUX-9KOU 1. B4 8.85 1.0s 38.40 REL Zote 6.y
MG b 4,719 1100 AL 2.714 1100 a1 2.M19 PBX-94DL 1,84l 9.07 t.0b 4547 6998 0 e 2.8
MG 3 ».032 1i00 Al 2.71% 1100 AL 2,717 PBX-9U04 1 .84 RS T uB.52 .6866 Gto 2.8
MG 16 %.901 1100 &L 2.11% PBX-9404  1.BUS EBX-G404 1 B4 RV AN 59.35 L6411 7 to u.b
MG 15 6.218 1100 AL 2.71% PUX-3404  1.BUE PBX-QH04 1 B 459 (.10 63.50 6256 2 to 4.8
MG 1 7.533 1100 AL 2.715 1100 A1 2.718 PBX-G404 1 .84 1023 107 w343 3020 B82.92 5811 4 to 2.8
MG 14 6. 402 Ta 16.675 PEX-GLO4 1,846 PBX-4404 1 .84 11,07 £.06  %.130 1030 105,14 5360 2ty 4.8
MG 12 6.760 Ta 16.68B1 PBX~5404  1.845 PBX-9804 1 .BL1 P s Lh2kop.ase gL2.27 5170 2 to 4.8
MG 20 u_ou7 1100 AL 2.71% 1100 a1 HX-26-AF 1.t ST IR N 41.20 .6893 Uoto 2.8
HG 4 4.710 1100 A1 2.712 1106 AL HX-26-AF 1.8 6.62 .08 £.006 432U 6832 0L 2.8
MG 19 5.028 1100 AL 2.71% 1100 Ai §X-26-4F 5.8 [ AN £.0L: 45.79 L6641 0 Lo 2.8
MG 25 5416 1100 AL 2,714 KX-26-AF RX-26-AF 1.B.i% b2 rou .0~ 51,28 6410 2 to AW
MG 6 ».988 1i00 AL 2.7 1100 al RX-26-AF 1.8} FNUREROL] 108 %877 L6171 G o 2.8
MG 1 7.493 1100 AL 2.71% £100 Al RX-26-AF L. 8! 004 107 w361 1 04 80.83 5678 ¢ to 2.8
Table TUI. Conditlons and Hesults of Rellection and Rarefaction “xperlmentna 5r Supra Compransisa States of PBX-9LON.
See Fig. 2 for Experlmental lonflguratinr
Exper iment Impactor Pax-gHol Impact Preasure? Barrier
Veloclty Material Denslly Denalty PBY-Juek Matarial Denalty Shock Veloclty Preasure
m/3 a/em glem GPa glem km/s+2a GPa
MG 18 4.310 1100 A1 -715 L.8u1 an.a , A1 5.864+.026 66.01
MG 17 6.055 1100 a1 715 1.938 Gl . BT 6.671+.10 107.25
MG 23 6.200 1000 &) 713 1.840 fus u [ 6.759 +.022 112.22
MG 27 1.996 1100 A1 LLTLE 1.840 R £ TR 7.55 t.06 32.22
MG 26 4,200 1100 Al S 106 1,830 W 4 ST 7.70 +.07 14,50
MG 28 4,432 1100 A1 LTIN 1840 [N ag LA 7.82 £.06 36 .45
* Calculated from best (it to single-nhock supra-compreasive data.
N Test Explosive
IMPACTOR BUFFER PLATE
; Reference Metal
. ——n _etal
7 B TARGET EXPLOSIVE (Copper or Magnesiym)
Z Pins
1
/ '
PROJECTILE FROM PROJECTILE FROM
TVO-STAGE GUN ThD- STAGE GUN
Fig. 1 Test configuration for single-shock Fig. » Test configuration for reshock and
aupra-compression experiments on LX-07, LX-17, rarefaction of supra-compressive states of PBX-
PBX-9404 and RX-26-AF. Some of the test samples quoh,

of LX-17 were two-level and additional pins were
used to enable accurate velocity stability
determinations to be made.
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" 4 This work showing 22¢ uncertainty
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> -7
= “~  Calculated trom
14 -
- e .- " 36 GPa JWL EOS
3 &
C-J point
3 4 [)

Particle Velocily - km/s

Fig. 3 Experimental LX-07 supra-compressive
data. Measured shock velocity is vs. particle
velocity derived from flyer velocity, density,
and Hugonlot relationships. Data points marked
"E" ysed an LX-07 buffer plate. All others used
an 1100 Al buffer plate. See Fig. 1.

10 t Thie work showing $2¢ uncertainty
L ]
E
=gl
]
>
3 K
xg| EE.E/,(Calculated from
8 2 p1s & 27.5 GPa JWL EOS
) —
C-J point
7 N 4 -
2 3 4

Particle Velocily - km/s

Fig. 4 Experimental LX-17 supra-compressive
data. Measured shock velocity is vs. particle
velocity derived from flyer velocity, density,
and Hugonlot relationships. Data points marked
"EY used an LX-17 buffer plate. All others used
an 1100 Al buffer plate. See Fig. 1.

al.

{1nis work showing 220 uncertainty /(E
11
Calculated trom —"—,
L
- P JWL EOS
r 34 GPa cJ
E 4
]
:10
'-6‘ Calculated from 37 GPa
E PCJ JWL EOS
S
o ~
& s
I
A . -
2 3 4 5

Particle Velocity - km/s

Fig. 5 Experimental PBX-9U0O4 supra-compressive
data. Measured shock velocity is vs. particle

velocity derived from flyer velocity, density,

and Hugoniot relationships. Data points marked
"E" ysed an PBX-9uQl buffer plate. All others

used an 1100 Al buffer plate. See Fig. 1.

111
4Thise work showing *2¢ uncertainty
«
~
€0 t
i
>
° e
° -
3 v
x ot <
1 Pl
° . é - Calculated from 32.5 GPa JWL EOS
7 t =
v
T
.CJ Point . N . .
2 3 4 5 6

Particle Velocity - km/s

Fig. 6 Experimental RX-26-AF supra-compressive
data. Measured shock velocity is vs. particle

velocity derived from flyer velocity, density,

and Hugoniot relationships. Data points marked
"EM ysed an RX-26-AF buffer plate. All others

used an 1100 Al buffer plate. See Fig. 1.
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©
"
oPBX-0404 p=1.B4l
alX-07 p=1.860 v
DRAX-26-AF pe1.837 5
oLX~17 pe1.800
10 e
L O
©
o o

Shock Veloclty - km/s
©

2 3 4 5
Particle Velocily - km/s

Fig. T Combined plot of shock velocity vs.
particle velocity for all single-shock supra-
compressive experiments to illustrate
systematics of data.

L]
c
100 ) Best fit 10 experimental
singie-shock Hugoniot

Y oints. PBX 8404
[
! ~
© 80 9%,
S|
® h
§ {\ék
o

60l

40

A .6 .6 7

Relative Volume - V/Vg

3 Calculated for single shock using 34.0 GPa
P JWL EOS

C
L} Cafculated for reflected shock off of copper

using 34.0 GPa Py JWL EOS.
"iCalculated for single shock using published
37.0 GPa P JWL EOS.

J
@ Calculated gor reflected shock off of copper

using published 37.0 GPa Pea JWL EOS.

¥ Experimental reflected shock values off of
copper, +24.

Fig. 8 Reflected and single-shock supra-

compressive states of PBX-9U04., Calculational
results using two different equations of state

are compared witn experiment.

— Experimental pressure in Mg
o Calculated from 34 GPa JWL EOS
o Calculated from 37 GPa JWL EOS

45

Best fit to experimental single-shock
/Hunonlot points

A0

Pressure - GPa

SOL

72 5z 76 78
Relative Volume - V/V,

Fig- 9 Insentrope states from PBX-9404/Mg
experiments near P.,. Calculations of pressure
vs. relative volume for individual experiments
uslng two different JWL equations of state are
compared Wwith experimental pressures calculated
from shock velocity measured in magnesium using
the sams shock Hugoniot (Ug = 4.52 + 1.233 Up)
for the calcu.ations and the shock velocity to
pressur2 <conversions,
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